Abstract: We describe three significant advances in the use of thioureas as reporting elements for metalresponsive fluorescent chemosensors. First, on the basis of the crystal structure of a chemosensor analogue, we provide a deeper understanding of the details of the thiourea coordination environment. Second, we describe a new generation of chemosensors with higher affinities for Zn2+ and Cd2+ than were observed for earlier probes, expanding the scope of this type of probe beyond Hg2+ detection. Third, we show that a thiourea-based chemosensor can be employed for fluorescence microscopy imaging of Hg2+ ion concentrations in living mammalian cells. 
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Introduction
As an analytical technique, fluorescence is remarkable for combining great sensitivity with ease of measurement. A central liability is that few analytes of interest are intrinsically fluorescent. This discrepancy has driven the development of fluorescent chemosensors, molecules which convert reversible association with a non-fluorescent analyte into a fluorescence response. 1 Fluorescent chemosensor development has been particularly effective for metallic species, and selective probes for several metal ions of biological and environmental relevance (e.g. Ca 2+ , Zn 2+ and Hg 2+ ) are now available. [2] [3] [4] The dominant approach to turning reversible metal binding into a fluorescence response is the disruption of the electronic interaction between a nitrogen atom lone pair and a proximal fluorophore via metal coordination by nitrogen. 1 Most common are the use of benzylic amine-fluorophore conjugates, in which photoinduced electron transfer (PET) from nitrogen quenches fluorescence, and anilinic fluorophores, in which the nitrogen lone pair is engaged in the formation of an intramolecular charge transfer (ICT) excited state. In the former case, protonation or coordination suppresses quenching and leads to enhanced emission. In the latter, protonation or coordination leads primarily to variation in the fluorophore emission wavelength, although concomitant intensity variation is not uncommon.
While these nitrogen-centric motifs have proven quite general, 1 reliance on nitrogen coordination for signaling possesses two characteristic shortcomings:
false positive signaling resulting from protonation (i.e. pH sensitivity) and an exclusive reliance on nitrogen coordination chemistry for signaling.
In an effort to address these issues, we have worked to develop sulfur-based functional groups as reporting elements, and have recently reported the use of sulfoxides and thioureas to this end. 5, 6 Building on our first generation of thioureanaphthalimide conjugates, 6 we describe here a second generation of PET-based thiourea probes with high affinities for metal ions in aqueous media, 7, 8 and show that they are both insensitive to excess acid and can be applied in cellular imaging.
Results and Discussion

First Generation Thiourea Probes
Our validation of thioureas as PET quenchers in metal-responsive fluorescent chemosensors has so far relied on naphthalimide chromophores because of their synthetic accessibility, chemical robustness and visible emission. 9 We have found that fluorescent chemosensors MePic and DiPic ( Figure 1 ) have low intrinsic quantum yields due to PET quenching of fluorescence emission by the thioureas (Figure 2 ). 6 Emission from the pendant naphthalimide reporter can be recovered by metal ion coordination of the thiourea (Table 1) Figure   3 ). 11 The structure reveals a near-planar thiourea and coordination of the metal center by a single pyridine unit. Notably, the coordinated zinc atom is located Consistent with the crystal structure, all solution phase titrations of MePic and DiPic indicated 1:1 ligand:metal stoichiometry. 6 The Hg 2+ affinity is sufficient to warrant evaluation of these probes in environmental samples, and it will be shown that DiPic is suitable for use in cellular imaging (vide infra).
A limitation of these first generation fluorescent chemosensors is that the nitrogen atoms of the thiourea remain conjugated to and coplanar with the thiocarbonyl. As a result, the thiourea nitrogen centers are not available for coordination, and only one of the distal N-substituents can participate in cooperative metal binding with the thiourea -as can be seen in the crystal structure ( Figure 3 ). This accounts for the relatively low affinity observed for Zn 2+ despite the presence of the high Zn 2+ -affinity dipicolyl fragment in DiPic, and for the similarities in metal affinity between MePic and DiPic. In conjunction with the induced deviation from optimal thiourea coordination discussed above, overcoming this limitation clearly requires more extended ligand domains with a greater degree of flexibility in order to accommodate alternate coordination geometries.
Second Generation Thiourea Probes
In order to increase the flexibility and coordination denticity of the metal binding domains, analogs with ethylene diamine (En) spacers, EnMePic and EnDiPic, were prepared. In these molecules, the picolyl-bearing nitrogen is no longer conjugated to the thiocarbonyl, removing the associated geometric constraint and freeing the lone pair for binding ( Figure 4 ; Scheme 1). Mono-Boc-protected ethylenediamine was either dialkylated to form the dipicolyl derivative (1) or monoalkylated by reductive amination (3). 13 In the latter case, N-methylation provided the requisite protected diamine. 14 Following removal of the Boc group, the free amines (RNH 2 ; 2, 4) were reacted with a common imidazolyl thiourea (5), described previously, 6 to afford EnMePic or EnDiPic in modest yield. 
Metal Ion Titrations
With the new probes in hand, metal ion titrations were performed in CH 3 There is not a clear correlation between metal ion affinity and the magnitude of fluorescence response. This is consistent with a complexation model in which the affinity is determined by the ethylenediamine fragment and the fluorescence response reflects the details of a second intramolecular equilibrium involving coordination of the thiourea ( Figure 5 ). We have previously observed that thioureas have a low intrinsic affinity for metal ions, allowing us to exclude direct thiourea coordination as a significant process. While the practical value of imaging Hg 2+ in biological systems may be limited, 4 these data validate the use of PET-based thiourea probes in live cells, providing a solid precedent for the design and evaluation of future thiourea probes for relevant trace thiophilic ions, e.g., Fe 2+ or Cr 3+ .
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Next Generation Thiourea Probes
Two important issues must be addressed in the next generation of thiourea probes: enhancement of stability, and brightness of the reporting fluorophore.
The need to improve stability is self-evident; we expect that, as observed with
first generation fluorophores, 6 N-methylation of the thiourea will improve stability.
The use of more absorptive fluorophores will allow lower concentration measurements.
Conclusions
We Sufficient structural understanding has been attained to allow design of the next generation of improved thiourea-based fluorescent chemosensors, which should exhibit enhanced stability and improved measurement sensitivity, and be suitable for environmental and further cellular applications.
Experimental Section
General Notes
Imidazolyl thiourea 5, DiPic and MePic were prepared as previously described. 6 All other reagents were used as received. Synthetic procedures were carried out under an inert atmosphere, in dry solvent, using standard Schlenk techniques, unless otherwise noted. Flash chromatographic purification was performed using silica gel Merck 60 (particle size 0.040-0.063 mm) packed in glass columns; eluting solvent for each purification was determined by thin layer chromatography (TLC). Analytical thin-layer chromatography was performed using Merck TLC silica gel 60 F254 or Macherey-Nagel POLYGRAM ALOX N/UV254. 1 (80 mg, 0.23 mmol) was cooled to 0 °C in CH 2 Cl 2 (2 mL) and trifluoroacetic acid (660 mg, 5.85 mmol) was added. The mixture was allowed to warm to room temperature and stirred for 2 hours. 2N NaOH (aq) was added and the aqueous phase extracted with CH 2 Cl 2 . The combined organic fractions were dried over MgSO 4 and concentrated. 2 was obtained without purification as a yellow oil (48 mg, 85%). Spectroscopic data were consistent with those previously reported. 
Cell culture.
Experiments were performed using HeLa cells (ATCC) cultured in Dulbeccoʼs
Modified Eagle Medium (DMEM; Hyclone) supplemented with 10% fetal bovine serum (FBS; Hyclone) and 2% penicillin/streptomycin (Mediatech) and maintained at 37 °C in a 5% CO 2 atmosphere. anticipated that the absence of a free β-NH would suppress such cyclization.
Detection of Hg
